Abstract
Introduction
The risk of fragility fractures in the United States is approximately 2.5 times greater among black and white women compared with their male counterparts [3, 13] . Moreover, fracture rates among black women are approximately 50% less than that of white women, whereas fracture rates among men of both ethnicities are relatively similar [3] . Many have suggested this sex difference in fracture risk, both within and across ethnicities, is predominantly attributable to body size [8, 16, 22, 23] and hormonal differences [14, 24] . When looking at population averages within both ethnicities, men have wider bones of greater cortical mass compared with women [1, 18, 19, 22] . This knowledge is often used to identify traits that contribute to fracture susceptibility. However, healthy men and women of both ethnicities demonstrate a 30% to 180% natural variation in bone strength within each population that warrants further consideration [20] . For example, are the components of a woman's skeleton simply a more slender version of those of a man's skeleton, or are they constructing their bones in entirely different manners? Any inconsistency in the way men and women construct bone would have to be taken into consideration when developing advanced diagnostics for monitoring changes in bone strength with aging as well as developing treatment regimens used to combat fractures.
Previously, we reported that bone strength, whole bone robustness (transverse cross-sectional width relative to bone length), and cortical area significantly covary with one another in a predictable fashion throughout the appendicular skeleton. Those individuals who have slender bones (narrow relative to bone length) demonstrate a lower bone strength and less mass accumulation (ie, cortical area) than individuals who have more robust bones (wide relative to bone length), irrespective of body size. Hence, we established that robustness and cortical area naturally vary in conjunction with the variability in bone strength. Therefore, these traits can now be used to evaluate whether black and white men and women construct their bones in fundamentally different manners, because these coordinated traits provide a general assessment of whole bone strength and stiffness. Jepsen et al. [10] found that the femora of black and white women accumulate significantly less cortical area for their body size and robustness compared with their male counterparts. We investigate whether this reduction in cortical area among the femora of black and white women is present throughout the appendicular skeleton. The goal of this study is to map out the differences in bone strength and cortical area between men and women for all the major long bones.
We systematically examined the major long bones of the appendicular skeleton in both black and white men and women comprising the Hamman-Todd Osteological Collection. First, we compared bone strength indices between sex cohorts for each ethnicity after adjusting for body size for each individual long bone. Subsequently, we also determined how two components of bone strength, robustness (a reference of external size) and cortical area (a reference of mass accumulation), individually compared between sex groups within each ethnicity for each individual long bone. Using these variables we asked the following questions: (1) do black and white women consistently have narrower bones of less strength across long bones compared with black and white men; and (2) do all long bones of black and white women have reduced cortical area compared with black and white men?
Materials and Methods
To evaluate whether men and women of both ethnicities construct all long bones in different ways, we examined the left femur, tibia, humerus, radius, second metacarpal, and third metacarpal from the skeletal remains of individuals comprising the Hamann-Todd Osteological Collection curated at the Cleveland Museum of Natural History (Cleveland, OH, USA). The sample population we used for our assessments included individuals between the ages of 20 and 35 years and consisted of 63 black men, 52 black women, 74 white men, and 52 white women. Body weight was measured at the time of autopsy. Data quantification methods were described by us previously [21] . Briefly, slice images were captured using peripheral quantitative CT (XCT 2000; Stratec Medizentechnik, Pforzheim, Germany) at a 0.10 mm 9 0.10-mm in-plane pixel size from the 50% middiaphysis of each bone. Data quantified from each image included total area, cortical area, mean gray value, and the rectangular moments of inertia about the anterioposterior (I AP ) and mediolateral (I ML ) axes. After measuring bone length, the cross-sectional images were used to calculate robustness (total area/bone length). Cortical tissue mineral density for each bone was calculated using the mean gray value and calibration constants derived from daily scans of a standard phantom. This value was then used to estimate whole bone bending stiffness and strength, or a bone strength index, by multiplying tissue mineral density by I ML . The estimation of tissue mineral density was previously validated in our laboratory by measuring ash content and cortical porosity [11] , and the bone strength index was previously validated by us with four-point bending of cadaveric long bones [20] .
Minitab 16.1.1 (Minitab Inc, State College, PA, USA) and Prism 6 (GraphPad Software Inc, La Jolla, CA, USA) were used for all statistical analyses. All data was normally distributed (p [ 0.05, Kolmogorov-Smirnov test), enabling the use of parametric tests. Linear regression analyses were performed to determine whether all long bones of men and women of both ethnicities were constructed in fundamentally different ways. First, the slopes and y-intercepts of a series of regressions among bone strength index, robustness, and body size of men and women were compared through an analysis of covariance (ANCOVA) to determine whether men consistently build stronger and wider bones throughout their skeleton. Second, the slope and y-intercepts of a series of regressions among robustness, and cortical area, all adjusted for body size, were compared using ANCOVA to determine whether all long bones for women demonstrate the same reduced cortical area previously reported for the femur [10] . Third, a general linear model (GLM) was performed to compare group mean differences in bone strength between men and women. To compare bone strength and robustness, body size was included as a covariate, and to compare cortical area, both body size and robustness were included as covariates because cortical area naturally correlates positively with robustness.
Results
The bone strength index of all bones analyzed increased in conjunction with body size in both white and black men and women. Black women showed a significantly reduced y-intercept for all bones compared with black men (women: y-intercept = 116. 4 ; percent difference = 27%-49%, p = 0.0001, GLM) for all skeletal elements compared with white men (Table 1) . However, when adjusting for both robustness and body size, these sex-specific differences in bone strength were reduced with black women only demonstrating a significant difference in the femora (women: mean = 27,127 mg HA mm ; percent difference = 9%, p = 0.05, GLM) (Fig. 1) . Therefore, the natural variation in robustness accounted for approximately two-thirds of the body size adjusted differences in bone strength between men and women.
Robustness also increased with body size for all long bones. Women had consistently more slender bones (narrow relative to length) compared with men for both blacks (women: y-intercept = 0.43-0.94 mm/kg cm, 95% CI, 0.28-1.18 mm/kg cm; men: y-intercept = 0.52-1.04 mm/ kg cm, 95% CI, 0.41-1.26 mm/kg cm, p = 0.04-0.0001, ANCOVA) and whites (women: y-intercept = 0.43-1.03 mm/kg cm, 95% CI, 0.35-1.22 mm/kg cm; men: y-intercept = 0.40-1.04 mm/kg cm, 95% CI, 0.32-1.22 mm/kg cm; p = 0.0001, ANCOVA). This was uniform across both ethnicities. Group mean differences in robustness after accounting for body size showed that women had significantly more slender bones compared with men for both blacks (women: mean = 0.46-1.20 mm, 95% CI, 0.43-1.24 mm; men: mean = 0.55-1.27 mm, 95% CI, 0.53-1.31; percent difference = 6%-19%, p = 0.04-0.0001, GLM) and whites (women: mean = 0.44-1.18 mm, 95% CI, 0.42-1.21 mm; men: mean = 0.52-1.30 mm, 95% CI, 0.51-1.33 mm; percent difference = 9%-21%, p = 0.0001, GLM) ( Table 2 ). The sexspecific difference in robustness was two times greater among the upper long bones in both black (14%-19%) and white (17%-21%) women compared with the lower long bones of black (6%-7%) and white (9%-10%) women.
All long bones of women for both ethnicities demonstrated lower cortical area compared with men (Fig. 2) . Because this relationship is characteristic of slender bones, we tested whether the sex-specific differences observed in this population are at the degree expected for the differences in robustness. Group mean differences for cortical area, after accounting for both robustness and body size, revealed that women's long bones had significantly lower cortical area compared with men among both blacks (women: mean = 43. ; percent difference = 6%-22%, p = 0.02-0.0001, GLM) ( Table 3 ). The humeri demonstrated the greatest divergence between men and women with a 25% lower cortical area among blacks and a 22% lower cortical area among whites (Fig. 3A-B) . This analysis revealed that not only are all long bones more slender for women compared with men, but all long bones of women also show a reduced cortical area that is 6% to 25% greater than expected for their robustness, depending on the bone being considered.
Discussion
The purpose of this study was to map sex-specific differences in bone strength, robustness, and cortical area across the major long bones for black and white men and women. Previously, we showed that men and women of both ethnicities demonstrated natural variation in the manner to which robustness, cortical area, and tissue mineral density are associated with one another across long bones [11, 12, 20, 21] . Slender bones are 30% to 180% less stiff and strong than robust bones, relative to body size, with a lower bone strength index, narrower diameter, and lower cortical area [20] . Thus, there would appear to be a biological constraint in the level to which cellular processes (eg, osteoclastic/osteoblastic-driven modeling and remodeling) can be adjusted to mechanically compensate for the natural variation in robustness. It is well known that women tend to have more slender bones than men for a given body size [1, 18, 19, 22] , putting them at greater risk of fracturing under extreme loading conditions (eg, military training and falls among the elderly) [1, 11, 12, 17] . However, it had yet to be determined whether this difference in strength is the result of fundamental differences in the manner by which men and women construct bone. Mapping the sex-specific differences in skeletal traits for all the long bones confirmed what we reported for the femur in our companion manuscript [10] , that women's bones are not merely a more slender version of men's, but that women also have significantly less bone mass (cortical area) than expected for their slenderness. This leads to an even greater structural deficit than expected that may functionally impact how well their bones can resist potentially catastrophic mechanical loads. This inconsistency in the way men and women construct bone should be taken into consideration when developing advanced diagnostics for monitoring changes in bone strength with aging. One limitation of this study is that the sample cohort is limited to individuals who died approximately 70 to 90 years ago. Therefore, it is possible that there may be environmental affects (eg, activity patterns and nutrition) impacting bone growth and development that may differ between this archived cohort and modern populations. However, in prior work we compared our findings from this anatomical collection with that of modern, healthy military recruits in terms of tibial robustness and cortical area and found no significant differences between the two cohorts. This suggests that despite the potential for differing environmental influences that may exist in our current sample, it has not greatly impacted the parameters we included in this study. A second limitation of this study is that the individuals included in our sample were between 20 and 35 years of age. However, we took this approach to provide a foundation for future work focused on how the lower cortical area accumulated during growth for women impacts skeletal aging. For example, further investigations that can be incorporated into clinical studies is whether there are dynamics that impair periosteal expansion in women outside what is expected for slenderness and the associated lower cortical mass. The third limitation is that we only characterized this structural deficit in the diaphysis. However, we previously showed that the corticocancellous region of the femoral neck demonstrates similar trait interactions between external size and cortical mass [7] . Therefore, for future work we will conduct similar studies on the more clinically relevant fractureprone metaphyseal regions of the spine, distal radius, and proximal femur. Do black and white women consistently have less bone strength across long bones compared with black and white men? The answer is yes. Our analysis showed that black women had a 12% to 38% lower bone strength index and white women had a 27% to 49% lower bone strength index compared with their respective male counterparts. For black women, this reduction in strength was independent of body size because linear regressions between bone morphology and body size demonstrated no significant difference in slope. However, there was a significant difference in slope between white women and men, which suggests for this ethnicity body size plays a role in the sexspecific difference observed in bone strength. On average, women have more slender bones than men in both ethnicities, which can partially explain the large differences observed in bone strength when compared with men. However, that robustness differences between men and women of both ethnic cohorts only accounted for twothirds the differences in bone strength suggests women were still unable to sufficiently adjust other traits for their slender diameter bones. Do all long bones of black and white women have reduced cortical area compared with black and white men? The answer is yes. Women showed less cortical mass accumulation in all long bones tested compared with their male counterparts. This range was similar between ethnicities with black women showing a 6% to 25% reduction in cortical area and white women showing a 6% to 22% reduction compared with black and white men, respectively. The structural deficit observed in mass accumulation was independent of locomotive and gravitational weightbearing loads. The upper and lower long bones of women display a similar deficit in bone mass aside from the humerus, suggesting that at least some of this phenomenon is independent of environmental factors (eg, mechanical load). However, the observation that the lower limbs are less sexually dimorphic in terms of robustness compared with the upper limbs would suggest that the natural variation present in the femora and tibiae is more constrained, in part because of the larger load demand placed on them. The humeri of black and white women showed more than a twofold deficit in cortical area for a given robustness and body size compared with the femora and tibiae, which are traditionally viewed as handling the brunt of weightbearing activity. Finding that the humerus of women had the greatest deficit in bone mass is intriguing, particularly because the risk of fracturing their proximal humerus is five times greater among women 60 to 64 years of age and 21 times greater among women 80 to 84 years of age with approximately 70% of all proximal humeral fracture visits to the emergency department being made by women [15] . However, it is unknown how our finding of a dramatic cortical area deficit in the diaphysis translates to the fracture-prone metaphyseal region. When comparing sexspecific differences between ethnicities, the relationship among traits differed uniformly among black men and women. The relationship between external bone size and mass accumulation, when accounting for body size, was not uniform among many of the long bones of whites. Thus, it appears that white women with larger body sizes build bones that are narrower and weaker in comparison to their male counterparts of similar body size. Therefore, these women would be at an even greater risk of fracturing than other women within the population because their bones would be even weaker as a result of a wider and thinner cortex [2] . Lastly, it is important to note that although black women showed a large reduction in cortical mass, this finding is not consistent with the reports that black women present with approximately 50% less bone fractures than that of white women [3] . Moreover, clinical data have found that black women are not significantly at a greater risk of fracture compared with black men [3, 6] . This disagreement between our data and that of modern clinical meta-analyses may be that the sex differences in cortical mass we observed in the long bone diaphysis do not translate to the more fracture-prone metaphyseal regions for this ethnic group. Therefore, future work should seek to resolve this discrepancy by applying our methodologies reported here to the proximal femur and distal radius.
Finding that women accumulate less bone mass than expected for their body size and robustness throughout their appendicular skeleton suggests that sex-specific biological differences also translate to the skeletal level, impacting the manner in which bone mass is acquired and maintained. However, we must first establish a similar interaction among traits in the metaphyseal regions to investigate whether these structures demonstrate a similar deficit in mass. If future work shows that this deficit is also apparent within these fracture-prone regions, then sexspecific diagnoses and treatments may be required to more effectively combat fragility fractures. Regardless of the outcomes of future studies, finding these sex-specific differences in the diaphysis highlights the need for better designed basic, translational, and clinical studies that not only address the root causes, diagnoses, and treatments of fragility fractures in one sex, but also investigate how these aspects relate to the other sex [4, 5, 9] .
